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Control of current-induced spin-orbit effects in a ferromagnetic heterostructure by
electric field
R. H. Liu(刘荣华), W. L. Lim, and S. Urazhdin
Department of Physics, Emory University, Atlanta, GA 30322, USA.
We study the effects of electrostatic gating on the current-induced phenomena in ultrathin ferro-
magnet/heavy metal heterostructures. We utilize heterodyne detection and analysis of symmetry
with respect to the direction of the magnetic field to separate electric field contributions to the
magnetic anisotropy, current-induced field-like torque, and damping torque. Analysis of the electric
field effects allows us to estimate the Rashba and the spin Hall contributions to the current-induced
phenomena. Electrostatic gating can provide insight into the spin-orbit phenomena, and enable new
functionalities in spintronic devices.
PACS numbers: 85.75.-d, 75.76.+j, 75.30.Gw
The mechanisms enabling electronic control of magne-
tization, such the current-induced spin transfer torque
(STT) [1–4], have been recently extensively investigated
for applications in spin-based electronic (spintronic) de-
vices. Operation of the traditional multilayer STT de-
vices requires high current densities flowing through the
magnetic layers, motivating the search for new mech-
anisms to control magnetic configuration. Recently,
magnetization reversal [5–8] and auto-oscillation [9, 10]
have been demonstrated in ferromagnet/heavy metal
thin film heterostructures (FH), due to a combination
of the Rashba [11] and the spin Hall effect (SHE) [12, 13]
caused by the spin-orbit interaction (SOI) inside ma-
terials and/or at their interfaces. Furthermore, it was
shown that SOI-induced phenomena such as magnetic
anisotropy can be controlled by electric field [14–19]. If
the current- and field-induced SOI effects can be com-
bined, it may become possible to develop spintronic de-
vices with new functionalities, for example, simultaneous
logic and memory functions.
Here, we report a study of the effects of the electric
field on the current-driven phenomena in utltrathin FHs.
By using heterodyne detection[20] of different harmon-
ics of the Hall voltage produced by mixing of ac cur-
rent with ac electric field, we were able to directly sep-
arate the contributions of the electric field to the mag-
netic anisotropy and the current-induced torques. We
found that the variation of the current-induced effec-
tive field (or the field-like torque) by the electric field
E can reach 4.3% at E = 2.8 MV/cm, and is 8 times
larger than the effect of the electric field on the mag-
netic anisotropy. We also show that measurements of
the electric field effects can provide insight into the fun-
damental mechanisms of the current-induced SOI effects.
Specifically, both the Rashba spin-orbit coupling at the
magnetic interface [5, 11, 21–24] and the spin Hall ef-
fect (SHE) due to the spin-orbit scattering inside mate-
rials [7, 12, 13] have been suggested as the origins for
the current-induced SOI effects. Despite numerous ex-
perimental studies [5, 7, 21, 25–27], no consensus has
emerged on the dominant SOI mechanism even in the
most common FHs. By analyzing the effects of the elec-
tric field, we will demonstrate that the two contributions
to the field-like spin-orbit torque are comparable, while
SHE provides a dominant contribution to the damping-
like torque in the studied FHs.
Figure 1: (Color online). (a) Schematic of the device structure
and experimental setup. (b) Orientations of the magnetiza-
tion M, the external field Hext and the current-induced spin-
orbit torques relative to the coordinate system. (c) ac Hall
voltage VωI measured at the frequency ωI = 23 Hz of the ac
current vs field H . The field is oriented at an angle θH = 87
◦
relative to the film normal, at an in-plane angle ϕ = 90◦ with
respect to the direction of the ac current I = 2 mA rms.
Our device is based on a Pt(5nm)/Co(0.6nm) bilayer
deposited on an annealed sapphire substrate by mag-
netron sputtering. The bilayer was patterned by e-beam
lithography into a 4 µm-wide strip with two 2 µm-wide
Hall electrodes at the sides [Fig.1(a)]. A 100 nm thick
Au gate electrically isolated from the Pt/Co bilayer by a
30 nm thick Al2O3 layer was fabricated on top. All mea-
surements were performed at room temperature. The
magnetic field H was applied at an angle θH = 87
◦ rela-
tive to the azimuthal direction, at an in-plane angle ϕ = 0
or ϕ = 90◦ relative to the direction of the applied ac
current I. This orientation of the field enabled sensi-
tive detection of the current-induced effects. We verified
2that the results were not significantly affected by small
variations of θH . Both the anomalous Hall effect(AHE)
and the planar Hall effect (PHE) generally contribute
to the Hall resistance RH = R/I of FHs. However,
in the studied range of fields the magnetization of our
samples was nearly normal to the film plane due to the
strong perpendicular magnetic anisotropy (PMA) of the
Pt(5nm)/Co(0.6nm) bilayer, and therefore the Hall volt-
age V was dominated by the AHE.
Measurements performed at zero gate voltage Vg = 0
allowed us to characterize the magnetic properties of
the samples. The Hall resistance RAH characterizing
the magnetic configuration was obtained from the Hall
voltage at frequency ω = ωI . The hysteresis loop ob-
tained by scanning H in the transverse configuration
is consistent with a strong PMA of the Pt/Co bilayer
[Fig. 1(c)]. The current I affected the magnetization
due to a combination of the current-dependent interfa-
cial Rashba SOI and the SHE in Pt. The effect of the
Oersted field was negligible, as shown by the studies of
Pt/Co bilayers with no electric gate [25–27]. To define
the framework for the analysis of the current-induced
torques [22, 24], we separate the damping-like contribu-
tion Γ‖ = kLm × [m × (zˆ × j)] from the field-like con-
tribution Γ⊥ = −kTm × (zˆ × j), where the coefficients
kL, kT characterize the efficiency of the current-induced
effects. The torques are equivalent to the effective fields
HSL = −kLm× (zˆ × j), HST = kT zˆ × j. (1)
which are more convenient for the analysis of quasiequi-
librium magnetization configurations. Both HSL and
HST were determined as follows [25, 27]. For the lon-
gitudinal field configuration, the orientation of the mag-
netization is also longitudinal, ϕM = 0. The transverse
effective fieldHST then induces an in-plane rotation ofM
that does not affect the anomalous Hall resistance RAH ,
while the current-induced longitudinal effective field HSL
modulates the magnitude of the external field, resulting
in a variation ∆RAH =
dRAH
dH
HSL
sin(θH−θ)
. An oscillating
current I0 cosωIt produces the first and the second Hall
voltage harmonics
VωI = I0R0 cos θ ≃
I0R0D√
D2 +H2
V2ωI = −
I0R0HSL
2 sin(θH − θ)
d cos θ
dH
≃ I0R0HSLH
2(D2 +H2)
,
(2)
where 2R0 is the difference between the anomalous
Hall resistances in the up and down magnetized states,
cos θ = D
(D2+H2 sin2 θH)1/2
, D ≡ 2Ku/MS − 4piMs + Hz
is a parameter determined by the out-of-plane uniaxial
anisotropy constant Ku, Ms is the saturation magneti-
zation, and Hz = H cos θH is the out-of-plane field com-
ponent. The second harmonic generated in the trans-
verse field configuration is also proportional to HST ,
V2ωI =
I0R0HSTH
2(D2+H2) cos θ. The general dependence on ϕ
is more complicated due to the rotation of the effective
fields together withM. However, one can determine HSL
from the first and second harmonic measured in the longi-
tudinal configuration, and HST from the transverse con-
figuration [24, 27],
HSL,ST = −2(
dV2ωI
dHL,T
)/(
d2VωI
dH2L,T
)f(θ), (3)
where f(θ)=1 for HST , f(θ) = sin(θH − θ) for HSL.
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Figure 2: (Color online). (a) The second Hall voltage har-
monic V2ωI vs rms current density j at ϕ = 0, HL=9 kOe.
The top inset shows V2ωI /I
2 vs H , at the labeled rms values
of current I , the bottom inset is a schematic of the geometry
and the torques. (b) Same as (a), at ϕ = 90◦.
Our measurements of V2ωI [Fig. 2] are consistent with
the analysis given above. In particular, V2ωI is anti-
symmetric with respect to H at ϕ = 0, and symmet-
ric at ϕ = 90◦, consistent with the expected symme-
tries of the spin torque [1] and the Rashba field, respec-
tively [5, 22, 24]. Furthermore, according to Eq. (2),
V2ωI ∝ I2. This dependence is confirmed by the solid
line fits in the main panels of Fig. 2. Scaling by I2
collapses the curves acquired at different current ampli-
tudes [insets in Fig. 2]. Minor deviations observed at
large currents can be attributed to the Joule heating.
By using Eq. (3) with dRAH
dH
determined from the VωI vs
H data shown in Fig. 1(c), we obtained HSL ≃ 70 Oe
at j = 1 × 107 A/cm2 independent of the orientation
of M. However, the field-like torque described by HST
is strongly dependent on the azimuthal angle θM of M,
due to the anisotropic spin relaxation rate in FHs with
strong Rashba coupling [27, 29]. Analysis shows that
HST ≃ 35 Oe is half of HSL at j = 1 × 107 A/cm2,
H=9 kOe [28].
3Our central experimental result is the dependence of
the current-induced effects on the electric field produced
by the gate voltage Vg. Figure 3 illustrates the effects of
dc electric field on the magnetic anisotropy and current-
induced effective field determined from the first and the
second Hall voltage harmonics. The hysteresis loop mea-
sured at the first harmonic, at I = 0.1 mA, is broader
at Vg = 8 V than at Vg = −8 V [Fig. 3(a)], indicat-
ing that the effective coercive field Hc is enhanced at
Vg > 0. Based on the micromagnetic theory, Hc =
α 2Ku
Ms
−NeffMs, where α is a parameter describing the
microscopic magnetic characteristics (such as magnetic
pinning), and Neff is an effective demagnetization fac-
tor [30]. Therefore, the effect of electric field onHc comes
from the modification of the magnetic pinning and/or
anisotropy field [14–19].
At I = 3 mA, VωI decreases with increasing Vg
[Fig. 3(b)], while according to Eq. (2) it should increase
due to the rotation of the magnetization towards the film
normal when PMA is enhanced by Vg . Therefore, this
variation is not only caused by the effect of gating on the
anisotropy, but also by its effects on the current-induced
torques. Further evidence for the effects of electric field
on spin-orbit torques is provided by the dependence of
the second harmonic V2ωI on VG. The relative variation
reached 8% between Vg = 8 V and Vg = −8 V and is inde-
pendent of H [Fig. 3(c)], indicating that it is dominated
by the electric field-dependent current-induced torques.
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Figure 3: (Color online). Effects of electrostatic gating on the
current-dependent SOI. (a,b) The first harmonic Hall voltage
vs transversely oriented field H(ϕ = 90◦), at gate voltage
Vg = 8 V (solid squares), 0 (solid line), −8 V (open circles), at
Iac = 0.1 mA in (a) and 3 mA in (b). (c) The second harmonic
Hall voltage vs H measured under the same conditions as
in (b). The inset is the ratio ∆V2ωI /V2ωI , where ∆V2ωI =
V2ωI (8V )− V2ωI (−8V ). The solid line is linear fit to date.
The effects of the electric field on PMA and current-
induced torques can be in principle separated by analyz-
ing the deviations of first and second Hall voltage har-
monics under Vg [see Eq. 3]. We utilized an alterna-
tive approach that allowed us to directly quantify these
effects. Instead of dc gate voltage, we applied an ac
voltage that periodically modulated the anisotropy Ku
and the current-induced torques, producing an ac com-
ponent of the Hall resistance at ωg. Heterodyne mix-
ing [20] of the ac Hall resistance with ac current produced
Hall voltage harmonics Vωg±ωI , Vωg±2ωI at the frequen-
cies ω = ωg ± ωI and ω = ωg ± 2ωI . Figure 4(a,b)
shows the dependence of the mixing voltages on current
measured in the transverse and the longitudinal config-
uration. From Eq. (2), these voltages can be expressed
as
Vωg−ωI = A∆Ku, Vωg−2ωI = B∆HSL − C∆Ku (4)
where A= 2R0I0H
2 cos θ
Ms(D3+DH2)
, B= R0I0H2(D2+H2) , C=
2R0I0DHHSL
Ms(D2+H2)2
,
∆Ku and ∆HSL are the modulations by the gate volt-
age of the perpendicular magnetic anisotropy constant
and of the current-induced effective field, respectively.
The parameter D is obtained from the dependence of
VωI on H [Fig. 1(c)]. According to Eq. (4), the depen-
dence of Vωg±ωI , Vωg±2ωI on current should be the same
as that of VωI and V2ωI , respectively. Indeed, their ratios
Vωg−ωI/VωI and Vωg−2ωI/V2ωI at a given Vg are indepen-
dent I [Fig. 4(c,d)].
To express the effect of Vg on Ku in terms of mixing
voltages, we rewrite Eq. (4) as
∆Ku
Ku
=
D(D2 +H2)
H2(D + 4piMs)
Vωg−ωI
VωI
, (5)
The modulation of Ku determined from Eq. 5 exhibits
a linear dependence on Vg, with the relative variation
reaching 0.55% for ϕ = 0◦, and 0.5% for ϕ = 90◦
at Vg = 7 V rms with Ms = 1700 emu/cm
3, Ku =
2.6×107 erg/cm3 and D = 9.5 kOe [Fig. 4(e)].
Since the heterodyne signal does not contain phase
information, the signs of the field-induced effects must
be separately determined. The anisotropy coefficient
Ku is enhanced at Vg > 0, resulting in a decrease of
V2ωI [Fig. 3(a)]. Since Vg > 0 actually increases V2ωI
at ϕ = 90◦ [Fig. 3(c)], the contribution from the gate
voltage-dependent current-induced field is opposite to
that of Ku, and therefore
∆HST
HST
=
Vωg−2ωI
V2ωI
+
2D2 −H2T
H2T
Vωg−ωI
VωI
,
∆HSL
HSL
=
Vωg−2ωI
V2ωI
− 2D
2
H2L
Vωg−ωI
VωI
,
(6)
Figure 4(f) shows the modulation of the current-
induced effective fields by the gating voltage determined
from the mixing Hall voltages using Eq. (6). The ampli-
tude of the modulation is linear in Vg , and at Vg = 7 V
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Figure 4: (Color online). Quantitative analysis of the effects
of electric field on SOI phenomena. (a,b) Mixing Hall volt-
age Vωg−ωI (a), Vωg−2ωI (b) vs current density j, at Vg=5 V
rms. (c,d) Vωg−ωI/VωI , Vωg−2ωI /V2ωI vs j determined from
(a) and (b), respectively. (e) Relative variation of the mag-
netic anisotropy ∆Ku/Ku vs Vg determined from Eq. 5. (f)
Relative variation of the current-induced effective fields vs Vg
obtained from Eq.(6). Solid (open) symbols are data acquired
at ϕ = 0 (ϕ = 90◦), solid curves are linear (a,e,f) or quadratic
(b) fits to the data.
rms reaches 1.1% and 4.3% for the longitudinal and trans-
verse field configurations, respectively. We note that the
effect of the electric field on the field-like torque (HST )
is about 8 times larger than on the magnetic anisotropy
[Fig. 4(e)].
In addition to electrical control of current-induced phe-
nomena, voltage-dependent SOI phenomena can also elu-
cidate the mechanisms of the current-induced torques in
FHs. Both the bulk SHE originating from the spin-orbit
scattering inside Pt and the Rashba-type spin-orbit in-
teraction at the Co/Pt interface and/or Co/oxide inter-
face have been suggested as the dominant SOI mecha-
nisms [5, 7, 11–13, 21–24]. For the Pt(5)/Co(0.6) bi-
layer used in our experiment, the diffusion model pre-
dicts that the contribution of the Rashba SOI to the
field-like torque Γ⊥ is approximately twice its contribu-
tion to the damping-like torque Γ‖, while for the SHE
Γ⊥/Γ‖ ∼ 0.2 [31]. The latter has been also supported by
previous experimental measurements [32]. Because the
electric field is efficiently screened within Co(0.6), it is
only expected to modify the interfacial Rashba contri-
bution, while its effect on the SHE should be minimal.
While the electric field at the Co/Pt interface is expected
to be significantly smaller than at the AlOx/Co due to
screening in Co, but its contribution to the modification
of the Rashba effect at the Co/Pt interface cannot be
entirely eliminated, due to the local thickness variations
of the Co layer. Based on the data of Fig. 4(f) and as-
suming Γ⊥/Γ‖ = 0.2 for SHE, Γ⊥/Γ‖ = 2 for the Rashba
SOI, the contribution of SHE to the damping-like torque
is 5 times larger than that of the interfacial Rashba ef-
fect in the studied AlOx/Co/Pt system [28]. This also
shows that the current-induced total damping-like torque
is twice as large as the total field-like torque, which is
consistent with the direct comparison of the damping-
like and field-like torques obtained by measurements of
Hall voltages at Vg = 0 [27].
In summary, we have demonstrated the possibility
to control not only the magnetic anisotropy, but also
the current-induced spin-orbit effects in magnetic het-
erostructures with strong spin-orbit interaction. By an-
alyzing the effects of electric gating on the spin-orbit in-
teraction phenomena, we demonstrated that the electric
field modulating the current-induced field-like torque is 8
times larger than the direct effect of gating on the mag-
netic anisotropy. Furthermore, by analyzing the sym-
metry of the current-induced spin-orbit torques and the
electric-field effects, we demonstrated that spin current
produced by the SHE is the dominant source for current-
induced phenomena in the studied system. However, the
interfacial Rashba effect also provides a considerable con-
tribution to current-induced torque. This contribution is
significantly affected by the electric field, making it pos-
sible to electrically modulate the current-induced phe-
nomena. By enhancing the interfacial Rashba SOI in op-
timized magnetic heterostructures, it may become pos-
sible to electrically control current-induced phenomena
such as magnetization reversal. Electrical modulation
of the current-induced precession can be utilized for fre-
quency mixing or in the feedback circuits to improve the
oscillation characteristics.
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